Polyphosphate:AMP phosphotransferase, an enzyme which catalyzes the phosphorylation of AMP to ADP at the expense of polyphosphate, was purified more than 1,500-fold from Acinetobacter strain 210A by streptomycin sulfate precipitation and by Mono-Q, Phenyl Superose, and Superose column chromatography. Streptomycin sulfate precipitation appeared to be an effective step in the purification procedure. During the following chromatographic steps, there was a 29-fold increase in specific activity but the yield was low (0.3%).
During growth, Acinetobacter strain 210A is able to accumulate up to 300 mg of phosphate per g (dry weight). The exact amount of phosphate depends on growth rate, substrate, limiting nutrients, and temperature (24) . When energy generation is no longer possible (e.g., in the absence of oxygen or an electron donor), polyphosphate is degraded and Pi is released into the medium (21) .
Several polyphosphate-utilizing enzymes have been described: polyphosphate kinase in Escherichia coli (9) and in Propionibacterium shermanii (17) , polyphosphate glucokinase in Mycobacterium phlei (20) , polyphosphate-dependent NAD kinase in Acetobacter, Achromobacter, Brevibacterium, Corynebacterium, and Micrococcus spp. (15) , 1,3-diphosphoglycerate:polyphosphate phosphotransferase in Neurospora crassa (10) , polyphosphate:AMP phosphotransferase in Corynebacterium xerosis (7) , and polyphosphatase in C. xerosis (13) . Only two of these enzymes, polyphosphatase and polyphosphate:AMP phosphotransferase, have been found in Acinetobacter strain 210A (22) . Polyphosphatase catalyzes the hydrolysis of polyphosphate to Pi: PPn (polyphosphate) + H2O-*PPn-1 + Pi. Polyphosphate:AMP phosphotransferase phosphorylates AMP to ADP with polyphosphate: PP. + AMP--PPn-1 + ADP. This second enzyme makes it possible for Acinetobacter strain 210A to conserve the energy liberated from the cleavage of polyphosphate. With adenylate kinase, ATP can be formed from two molecules of ADP. The combined action of polyphosphate: AMP phosphotransferase and adenylate kinase allows Acinetobacter strain 210A to use its polyphosphate as a source of ATP when energy generation is not otherwise possible (e.g., in the absence of oxygen) (23) . Little is known about polyphosphate:AMP phosphotransferase. Only one previous attempt has been made to purify the enzyme (7) . In the present study, partial purification and some properties of this enzyme of Acinetobacter strain 210A are reported. * Corresponding author.
MATERIALS AND METHODS
Organism and cultivation. Acinetobacter strain 210A, isolated and described by Deinema et al. (6) , was mass cultured in a 300-liter fermenter filled with 200 liters of medium. The medium contained, per liter, 2.29 g of sodium butyrate, 0.1 g of Na2S203 5 H20, 1.0 g of NH4Cl, 0.6 g of MgSO4-7 H20, 0.06 g of CaCl2 2 H20, 0.1 g of EDTA, 3 g of K2HPO4, 2 g of KH2PO4, and trace elements as described by Van Groenestijn et al. (23) . Cells were harvested at the mid-log phase by continuous centrifugation and stored at -200C.
Enzyme purification. Unless stated otherwise, all purification steps were performed at 4°C. Cells (50 g) were thawed, diluted with 4 mM EDTA in 50 mM Tris-HCl (pH 7.6) in a 1:5 ratio, and disrupted at 0°C by sonication (10 times, 30 s each; interval pauses of 30 s; 40 W; Branson Sonic Sonifier). The broken cells were centrifuged for 12 min at 3,500 x g. The supernatant was collected and centrifuged again for 12 min at 13,000 x g. This supernatant contained about 10 mg of protein per ml and is referred to as crude extract.
To 20 ml of the crude extract, 1 ml of 20% (wt/vol) streptomycin sulfate was added. The precipitated material was collected by centrifugation at 30,000 x g for 15 min, and the supernatant was discarded. The precipitate was resuspended several times in 50 mM Tris-HCl (pH 7.6) and centrifuged at 30,000 x g for 15 min. In this way, the enzyme was extracted from the pellet. The supernatants from -the pellet were collected and pooled. To this fraction, called the streptomycin fraction, 0.5 mg DNase, and 0.13 mmol of MgCl2 were added. This mixture was incubated for 2 h at 30°C to hydrolyze the DNA contaminating this fraction.
The following steps were performed with a high-resolution fast protein liquid chromatography system (Pharmacia/LKB, Woerden, The Netherlands) at room temperature. All columns were equilibrated with the starting buffers of the gradients. Linear gradients were used throughout. To prevent overloading, four aliquots of the streptomycin fraction were loaded separately onto a Mono-Q HR 5/5 anion-exchange column. A 35-ml gradient from 0 to 1.0 M NaCl in Tris-HCl (pH 7.6) was applied at a flow rate of 1.0 ml/min. Fractions with the highest activities were pooled and dialyzed overnight in a dialysis tube with a cutoff range of 1,000 Da against 50 mM Tris-HCl (pH 7.6) at 4°C. The dialyzed fraction was applied again to a Mono-Q HR 5/5 anionexchange column. Proteins were eluted with a 30-ml gradient from 0 to 0.5 M of NaCl in Tris-HCl (pH 7.6) at a flow rate of 1 (14) , this treatment appeared to be an effective first step in the purification procedure. During the column chromatography steps, the increase in specific activity was good but recovery of the enzyme was poor.
In the absence of polyphosphate in the crude extract, less polyphosphate:AMP phosphotransferase activity was precipitated (results not shown). This finding suggests an association between the enzyme and the bacterial polyphosphate.
Characterization. In the most purified fractions, no adenylate kinase and polyphosphatase activity could be detected. The fractions showed one major band on SDS-PAGE corresponding to a molecular mass of 55 kDa. In a second purification procedure, the successive fractions of the Phenyl Superose HR 5/5 column were screened for activity and subjected to SDS-PAGE. The gel revealed two bands, one of 55 kDa and one of 41 kDa. Only the fractions which contained the 55-kDa band possessed a significant polyphosphate:AMP phosphotransferase activity (Fig. 1) . From amide gel and stained with toluidine blue. As shown in Fig.  2 , no additional bands were formed during the polyphosphate degradation. From this result, we concluded that the mechanism of utilization is processive.
(ii) End product. To investigate whether small polyphosphates (P2 to P4) are the end products of polyphosphate degradation, we incubated the enzyme with AMP and polyphosphate for 3 h. Samples were taken and eluted on a Mono-Q HR 5/5 column. Each fraction was hydrolyzed and analyzed for phosphate. No peaks were observed which corresponded with either P2, P3, or P4. From this result, we concluded that the polyphosphate chain was degraded completely to ADP.
Kinetic properties. The reaction rate at different AMP and polyphosphate concentrations followed Michaelis-Menten kinetics. Half-maximal rates were obtained at 0.26 + 0.04 mM AMP and 3.0 + 1.0 mg of polyphosphate per liter (ca. 0.8 ,uM at an average chain length of 35 phosphate groups) ( Fig. 3A and B) .
Inhibition studies. Polyphosphate:AMP phosphotransferase was inhibited by P2, P3, and P4. For P2, no inhibition constants could be determined because precipitates were formed in the assay mixture at higher P2 concentrations (above 2 mM). The inhibition by P3 and P4 was mixed with polyphosphate as the substrate. The inhibition constants for dissociation of the enzyme-inhibitor complex (KIE) and of the enzyme-inhibitor-substrate complex (KIES) for P3 were 0.9 + 0.4 and 6.5 + 0.9 mM, respectively, and those for P4 were 0.7 + 0.1 and 1.5 + 0.2 mM, respectively. The values for KIE and KIES were determined by the method of CornishBowden (4). Figures 4A and B represent typical inhibition experiments with P3 and P4, respectively. ATP affected the enzyme activity only slightly, 2 mM ATP had no influence, and 6 mM ATP resulted in a reduction in activity of only 30%.
DISCUSSION
From the increase in specific activity upon purification, it can be calculated that only a minor part of the total soluble cell protein of Acinetobacter strain 210A consists of polyphosphate:AMP phosphotransferase. The specific activity of the enzyme is very high. So far, only a few polyphosphatedegrading enzymes have been purified to a similarly high specific activity (25) .
Determination of the molecular weight of the native protein was not entirely straightforward. From the elution pattern using Superose 6 HR, calibrated with the molecular mass standards BSA (67 kDa) and aldolase (158 kDa), a molecular mass of less than 67 kDa was estimated. On SDS-PAGE, a 55-kDa band corresponded with the polyphosphate:AMP phosphotransferase activity. These results suggest that the native enzyme exists as a monomer. However, in view of the delicate stability of the enzyme which resulted in low recovery, it cannot entirely be excluded that the 55-kDa protein represents a stabilized, active subunit of the holoenzyme. (8, 9, 19, 20 About 50% of the total amount of P of the P5 was in the form of P2, P3, and P4.
Although P2, P3, and P4 are not substrates for the enzyme, the polyphosphate chain is degraded completely. This has also been found by Muhammed et al. (13) for the enzyme polymetaphosphatase, which is most probably a polyphosphatase from C. xerosis. These authors were not able to detect the formation of short-chain polyphosphate polymers during polyphosphate degradation.
The absence of small polyphosphate polymers during polyphosphate degradation by polyphosphate:AMP phosphotransferase and the inhibition of the enzyme by these compounds are intriguing. Apparently, the binding of a long polyphosphate chain slightly alters the catalytic site of the enzyme in such a way that the chain is degraded completely. Small polyphosphates, however, are probably not able to bind directly at the catalytic site but possibly bind in the neighborhood of it, resulting in a change of the catalytic properties of the enzyme. More research is needed to investigate this hypothesis and to elucidate the inhibition mechanism.
The mechanism of polyphosphate degradation by polyphosphate:AMP phosphotransferase is processive. Once bound, the polyphosphate chain does not dissociate from the enzyme until it has been utilized completely. This has also been observed by Robinson and Wood (18) for the enzyme polyphosphate kinase. The role of polyphosphate:AMP phosphotransferase was doubted because several authors (5) stated that Dirheimer and Ebel (7) found a Km for AMP of 20 mM. However, no data on the Km in this or other references are found (25) . Our data now clearly show a relatively high affinity of this enzyme for AMP with a Km of 0.26 mM. From our results, it is obvious that polyphosphate can act directly as an energy reserve in Acinetobacter strain 210A by means of polyphosphate:AMP phosphotransferase and adenylate kinase activities.
